Introduction
============

Housekeeping genes refer to the essential genes widely expressed *in vivo*. These genes are responsible for most basic metabolic processes and they tend to be constitutively expressed. Therefore, housekeeping genes are usually used as reference genes when comparing the relative expression levels of different samples. In biological experiments, the selection and use of appropriate reference genes to normalize experimental results is necessary to ensure accuracy and reliability. The use of inappropriate reference genes, on the other hand, may lead to relatively large errors in a significant proportion of samples ([@bib49]; [@bib18]).

Ideally, reference genes should have a constant level of expression across all tissue samples under various experimental conditions ([@bib44]). However, most reference genes display constant expression levels only under certain circumstances. For example, the commonly used reference genes glyceraldehyde-3-phosphate dehydrogenase (GAPDH), actin, and tubulin, are not suitable as reference genes under several conditions ([@bib46]; [@bib40]; [@bib26]; [@bib15]). Thus, selecting a suitable reference gene and using it under the appropriate conditions is critical to experimental design.

Rice (*Oryza sativa L.*) is one of the most important cereal crops, serving as a staple food for almost half of the world\'s population. It is also an important model monocot plant used for genetic and molecular studies. Based on the success of rice genome sequencing programmes ([@bib14]; [@bib57]), a number of whole-genome microarray systems have been established, accelerating the investigation of the rice transcriptome ([@bib52] [@bib50]). Recent studies of transcription in important biological processes, including heterosis ([@bib52]), growth and development ([@bib20]), and stress response ([@bib27]; [@bib13]), have identified several constitutive genes, providing information essential to the selection of reference genes.

Ubiquitin, elongation factor-1α (eEF-1α), and 18S and 25S rRNA are presently the most commonly used rice reference genes ([@bib24]; [@bib21]). The phosphatase 2A coatomer subunits and the ubiquitin-conjugating enzyme have been used for *Arabidopsis thaliana* ([@bib10]). The cell division control gene, ADP-ribosylation factor, and an RNase L inhibitor-like gene have been used for wheat (Paolacci and Tanzarella, 2009), SKIP16, UKN1, and UKN2 for soybean ([@bib22]), CAC, TIP41, and SAND for tomato ([@bib11]), and eEF-1α for potato ([@bib31]).

The success of rice genome projects has encouraged further research on rice proteomics. A number of differentially expressed proteins in biological processes, such as rice growth ([@bib59]; [@bib55]; [@bib25]), stress response ([@bib19]; [@bib3]; [@bib16]; [@bib52] [@bib9]; [@bib34]), and callus differentiation ([@bib56]), were identified by using the combination of two-dimensional gel electrophoresis and mass spectrometry (2DGE-MS), making rice the 'cornerstone' of cereal crops for proteomics research ([@bib1]). On the basis of proteomics, in-depth data mining will reveal post-translational modifications, and the integration of proteomics and other '-omics' may help to elucidate the function of target proteins.

The next step is to define the function of the proteins identified in the Rice Genome Project ([@bib51]; [@bib54]). Western blotting, the method most commonly used for investigation of protein expression, is sensitive, specific, and convenient. Obviously, reference proteins are essential for normalizing western blotting data, as they are used as internal controls when adjusting the various factors involved in a given experiment. The use of Ponceau S staining ([@bib37]) and proteins encoded by commonly used reference genes, such as actin, tubulin, and GAPDH has been widely reported in the literature ([@bib24]; [@bib21]). However, no evidence has been presented to confirm constant protein expression encoded by these reference genes. This, in turn, may affect the accuracy of studies on protein expression ([@bib12]). To date, no systematic identification and validation of rice reference proteins has been reported.

In this study, nine antibodies against candidate reference proteins were generated in order to detect the expression of target proteins in a set of 10 samples representing different rice tissues/organs at different developmental stages. The results indicate that heat shock protein (HSP) and eEF-1α have more stable protein expression than actin, tubulin, and GAPDH. Thus, HSP and eEF-1α are more suitable for use as reference proteins in rice protein research. The concentration of HSP and eEF-1α proteins in rice and their lower limits of detection were also examined. Taken together, the results provided supporting data for the application of antibodies in both qualitative and quantitative analyses of rice proteins.

Materials and methods
=====================

Biological materials
--------------------

In this study, cDNA libraries, expression vectors pET-30a (Novagen) and pET30a-GST, a glutathione S-transferase (GST) tag-containing version of pET30a, created in our laboratory ([@bib8]), and bacterial strains (DH5α, BL21, and ER2566) were used. Restriction enzymes *Bam*HI, *Xho*I, *Eco*RI, *Hin*dIII, T4 DNA ligase, and Ex Taq DNA polymerase were purchased from TAKARA.

Rice samples
------------

Four kinds of rice samples were collected and used for western blotting analysis in this study: (i) 10 samples from the seedling (shoot and root), tillering (leaf and stem), booting (flag leaf and young panicle), flowering (flag leaf and panicle), and filling stages (flag leaf and seed) of rice variety 93-11 (*Oryza sativa* L.); (ii) seven leaf samples collected at 4 h intervals starting at 12 pm within a single day; (iii) eight samples from leaves of the 4021-3, homozygous transgenic rice line with the bacterial blight resistance gene *Xa21* ([@bib54]), inoculated with the incompatible Philippine race 6 of *Xanthomonas oryzae* pv*. oryzae* (*Xoo*) at 0, 1, 2, 4, and 8 h, and 1, 3, and 5 d; and (iv) four samples from wheat, maize, cotton, and *A. thaliana* leaves during the growing period. All materials were frozen using liquid nitrogen and stored at --70 °C until use.

Antigenic peptide prediction and primer design
----------------------------------------------

BEPITOPE software ([@bib32]) was used to predict antigenic fragments from which those which were unique in the rice genome, once verified by BLASTP, were chosen as the antigen to generate specific antibodies against target proteins. PrimerCE software ([@bib8]) was used to design the primers based on the coding sequence (CDS) downloaded from the TIGR database (<http://rice.plantbiology.msu.edu/>) as shown below. The underlined letters are restriction enzyme recognition sites. The detailed positions in full-length cDNA and the peptide sequences are listed in [Table 1](#tbl1){ref-type="table"}. Os09g30418.1F, 5′-CG[GGATCC]{.ul}TTCGCCTTCCAGGCCGAGAT-3′; Os09g30418.1R, 5′-CCG[CTCGAG]{.ul}CTCCTCAAGGTATTCCAGCTGA-3′; Os05g04510.1F, 5′-G[GAATTC]{.ul}CTTGGCGCTCGTCTTACGGAGG-3′; Os05g04510.1R, 5′-CCC[AAGCTT]{.ul}GCCACTAGCAACAATGCTCTTGG-3′; Os06g46770.2F, 5′-G[GAATTC]{.ul}ATGCAGATCTTTGTGAAGACCC-3′; Os06g46770.2R, 5′-CCC[AAGCTT]{.ul}CCTGAGCCTGAGCACAAGGTG-3′; Os03g08020.1F, 5′-G[GAATTC]{.ul}AAGAACGTTGCGGTGAAGG-3′; Os03g08020.1R, 5′-CCC[AAGCTT]{.ul}TCATTTCTTCTTGGCGGCAG-3′; Os03g50890.1F, 5′-G[GAATTC]{.ul}ACCATTGGTGCTGAGCGTTTC-3′; Os03g50890.1R, 5′-CCC[AAGCTT]{.ul}TTAGAAGCATTTCCTGTGCACAAT-3′.

###### 

Rice reference protein candidates

  Gene name   Locus number   Annotation                                            Mol. wt (kDa)   Antigen               Fragment length (position)/peptide sequence
  ----------- -------------- ----------------------------------------------------- --------------- --------------------- ---------------------------------------------
  HSP         Os09g30418.1   Heat shock protein                                    94              Expressed protein     182 amino acids (8--189)
  UBQ         Os06g46770.2   Polyubiquitin containing 7 ubiquitin monomers         60              Expressed protein     150 amino acids (1--150)
  TUB         Os01g59150.1   Tubulin beta-4 chain                                  50              Synthesized peptide   QYQDATADEEGEYEDEEQQ
  eEF-1α      Os03g08020.1   Elongation factor 1-α                                 49              Expressed protein     148AA(301--448)
  eIF-4α      Os02g05330.1   Eukaryotic initiation factor 4-α                      47              Synthesized peptide   DAKHYDSKMQELLHQGDNEE
  SAMS        Os05g04510.1   *S*-Adenosylmethionine synthetase 1                   43              Expressed protein     150 amino acids (151--300)
  ACT         Os03g50890.1   Actin-1                                               42              Expressed protein     128 amino acids(251--378)
  GAPDH       Os04g40950.1   Glyceraldehyde-3-phosphate dehydrogenase, cytosolic   37              Synthesized peptide   DLVSTDFQGDNRSSIFDAKAGI
  UBC         Os02g42314.2   Ubiquitin-conjugating enzyme E2                       18              Synthesized peptide   PDSPLNCDSGNLLRSGDIRGY

Gene cloning, protein expression, and protein purification
----------------------------------------------------------

PCR was carried out using plasmids from the rice cDNA libraries as templates. The indicated restriction enzymes were used to digest the amplicons and vectors, which were then gel purified. Next, the ligated products were transformed into *E. coli* DH5α, and the recombinants were verified using sequence analysis (Beijing Genomics Institute, Beijing, China). The recombinants were transformed into the *E. coli* expression strain ER2566 or BL21, and cultured overnight in LB medium supplemented with kanamycin (50 μg ml^−1^) at 37 °C. Cultures were diluted 1:100 with fresh Luria--Bertani medium (LB medium) supplemented with kanamycin (50 μg ml^−1^) and 1% glucose, and cultured at 37 °C to OD~600~ 0.6--0.8. Next, isopropyl-β-d-thiogalactopyranoside (IPTG; 0.4 μM) was added for 3 h to induce the expression of fusion proteins. The bacterial cells were harvested, ruptured by using sonication, and purified by nickel column chromatography. The target proteins were then separated by using SDS--PAGE and stained with Coomassie blue.

Antibody generation
-------------------

The polyclonal antibodies were generated by immunizing healthy rabbits using the purified fusion proteins or the synthesized peptides as antigens. The protein conjugations, immunizations, and antiserum purifications were carried out by BPI (Beijing Protein Innovation Co., Ltd, Beijing, China).

Extraction of rice proteins and determination of their concentration
--------------------------------------------------------------------

Rice tissue was ground into a fine powder in liquid nitrogen. An 800 μl aliquot of extraction buffer \[62.5 mM TRIS-HCl (pH 7.4), 10% glycerol, 0.1% SDS, 2 mM EDTA, 1 mM phenylmethylsulphonyl fluoride (PMSF), 5% (v/v) β-mercaptoethanol\] was added to each 300mg powder sample. The mixture was vortexed and then chilled on ice for 10 min. Samples were centrifuged at 12 000 rpm for 10min at 4 °C, and the supernatant was collected and stored at --70 °C. The protein concentrations of the rice samples were determined using the Bradford method ([@bib6]). An equal amount of rice protein was loaded and separated by SDS--PAGE and then stained by Coomassie blue.

Western blotting and signal quantification analysis
---------------------------------------------------

Equal amounts of rice protein from different tissues/organs were separated using SDS--PAGE and electrotransferred to a PVDF membrane (Millipore Corporation, Bedford, MA, USA) at 100 V for 60 min. The membrane was immersed in 5% non-fat milk in a TTBS solution \[0.2 M TRIS-HCl (pH 7.6), 1.37 M NaCl, 0.1% Tween-20\] for 1h at room temperature. The proteins were incubated with the polyclonal antibodies in 5% non-fat milk in a TTBS solution for 3 h at room temperature and subjected to three 5 min rinses in a TTBS solution. The membrane was then incubated with a horseradish peroxidase-conjugated goat anti-rabbit antibody (Zhongshan Goldenbridge Biotechnology Co., Ltd, Beijing, China) for 1 h at room temperature, and subjected to three 5 min rinses in a TTBS solution. The blot was developed with a SuperECL Plus kit (Applygen, Beijing, China), and the signal was exposed with X-ray film.

The images were scanned and the intensity of each band was captured using an ImageMaster 2D Platinum version 5.0 (GE Healthcare Amersham Bioscience). The intensity of each band was standardized as a percentage of the total intensity and the results were referred to as a relative volume that represents the relative expression abundance of the gene in the samples tested. The relative expression abundance was used to evaluate protein expression stability. Western blotting and quantification analysis were performed in at least three biological replications.

Analysis of protein expression stability
----------------------------------------

The protein expression stability was evaluated by geNorm v.3.5 ([http://medgen.ugent.be/∼jvdesomp/genorm/](http://medgen.ugent.be/~jvdesomp/genorm/)) ([@bib49]) and Microcal Origin 6.0 software (Microcal Software, Northampton, MA, USA). The relative protein expression values were imported into geNorm, which calculates the gene expression stability \[M value or the mean of the standard variation of a given candidate gene relative to all other genes in the given set of samples ([@bib29]; [@bib41])\] to rank proteins in various tissue samples. The lower the M value, the more stable the protein expression. In addition, the relative values of protein expression were imported into Microcal Origin 6.0, which generates a box plot to estimate the expression stability of potential reference proteins.

Generation of western blotting standard curves and determination of the concentration of reference proteins in rice
-------------------------------------------------------------------------------------------------------------------

The concentration of recombinant proteins was plotted against the western blotting signal generated by the corresponding antibodies in order to estimate the linear range of detection and the lower limits of detection of the recombinant proteins. Then, a series of diluted recombinant proteins and total rice proteins were assayed in the same western blotting membrane to generate the standard curve. The standard curve was used to calculate the protein concentration and percentage of reference proteins in rice. A series of dilutions of total rice proteins were also analysed using western blotting in order to determine the lower limits of detection for the rice reference proteins.

Transcriptional analysis of rice reference genes
------------------------------------------------

Transcriptional data on rice leaf, root, stem, panicle, and seed were downloaded from the MPSS (<http://mpss.udel.edu/rice/>) ([@bib30]) and EST databases (<http://www.ncbi.nlm.nih.gov/projects/dbEST/>) ([@bib5]). The transcriptional level was divided into four grades based on the intensity of the expression signal in order to compare it with the western blotting results.

Results
=======

Selection of candidate reference proteins
-----------------------------------------

The following nine candidate reference proteins were selected from among the reference genes commonly used in RT-PCR and the constitutive genes recently identified in microarray analyses: HSP, eEF-1α, ACT (actin-1), TUB (tubulin β-4 chain) and GAPDH ([@bib20]), UBQ (polyubiquitin containing seven ubiquitin monomers) ([@bib50]), SAMS (*S*-adenosylmethionine synthetase 1) ([@bib36]; Rosic *et al.*, 2010), eIF-4α (eukaryotic initiation factor 4α), and UBC (ubiquitin-conjugating enzyme E2) ([@bib21]). [Table 1](#tbl1){ref-type="table"} summarizes the names, accession numbers, annotations, molecular weights, immunogen types, amplification fragments, and peptide sequences. Annotations for the genes used in this study were downloaded from TIGR Rice Genome Pseudomolecules Release 5 ([@bib33]).

Gene cloning, protein expression, and antibody generation
---------------------------------------------------------

Using plasmid DNA isolated from the rice cDNA libraries as templates, the genes were amplified by PCR with gene-specific primers. Based on the results (data not shown), the sizes of the PCR products are consistent with their predicted length. The amplicons were introduced into the expression vector and the fusion proteins were induced by adding IPTG. The fusion proteins were expressed in the soluble fraction. The purity of the five expressed proteins separated by SDS--PAGE was \>90% with concentrations of 1--1.5 mg ml^−1^ ([Fig. 1](#fig1){ref-type="fig"}), fulfilling the requirement for generating antibodies. Therefore, the purified proteins, along with the synthesized peptides, were used to immunize healthy rabbits to produce the antibodies. The specificity of the antibodies was validated using an enzyme-linked immunosorbent assay (ELISA) and western blotting (data not shown).

![*Escherichia coli*-expressed reference protein fragments. Target genes were amplified by PCR and cloned into the expression vector, and the recombinant constructs were transformed into an *E. coli* strain for protein expression. The fusion proteins were purified and then separated by SDS--PAGE. The gel was stained by Commassie blue. (This figure is available in colour at *JXB* online.)](jexboterr084f01_3c){#fig1}

Expression profiling for the reference proteins
-----------------------------------------------

A total of 10 samples at five developmental stages were collected from rice plants growing in a field. The total proteins were extracted and the concentrations were determined. Equal amounts of protein (5 μg) were separated using SDS--PAGE. The proteins were transferred to a PVDF membrane and immunological detection was performed using the generated polyclonal antibodies.

All antibodies detected a major band at a position close to the predicted molecular weights ([Fig. 2](#fig2){ref-type="fig"}). According to western blotting analysis, both HSP and eEF-1α proteins were uniformly expressed in all samples and thus were constitutively expressed proteins. UBQ protein was also constitutively expressed. It should be noted that a batch of signal bands was detected at a higher molecular weight (\>90kDa) position, implicating that a protein ubiquitination phenomena might have been detected. The TUB protein was expressed at a lower level in the leaf at the booting, flowering, and filling stages, but at a higher level in other tissues. The eIF-4α protein was expressed at a higher level in leaves. The SAMS protein was constitutively expressed in all samples. The ACT protein was expressed in all tissue samples, but had a higher abundance in the panicle at the filling stage. The GAPDH protein was constitutively expressed, while the UBC protein was only expressed in leaves. In summary, the levels of the tested proteins remained constant during at least part of the rice growing process; the behaviour pattern of each, however, varied.

![Western blotting detection of rice reference proteins in tissue lysates. Sd, seedling stage; TI, tillering stage; Bt, booting stage; Fw, flowering stage; FI, filling stage. (This figure is available in colour at *JXB* online.)](jexboterr084f02_3c){#fig2}

Expression stability of the reference proteins
----------------------------------------------

In order to identify the proteins which were constantly expressed during rice development, stability was analysed using geNorm and Microcal Origin 6.0, and the proteins were ranked based on the results. The ranking of the reference proteins, from the least to the most stable, is as follows: UBC, TUB, eIF-4α, ACT, UBQ, GAPDH, SAMS, HSP, and eEF-1α ([Fig. 3A](#fig3){ref-type="fig"}). Microcal Origin 6.0 was used to represent the expression stability of the reference proteins visually. The box plot shows the minimum, maximum, and median expression levels of the reference proteins ([Fig. 3B](#fig3){ref-type="fig"}).The most stable proteins in all samples were HSP and eEF-1α, with coefficients of variation of 13% and 21%, respectively. In conclusion, HSP and eEF-1α were identified as the most stable reference proteins in all rice developmental stages. In contrast, the abundance of the proteins encoded by commonly used reference genes were considerably more variable, limiting their use as internal controls.

![Expression stability of reference proteins in rice tissue lysates. (A) Expression stability analysed by geNorm. (B) Expression stability analysed by Microcal Origin 6.0.](jexboterr084f03_lw){#fig3}

Application range of the reference proteins
-------------------------------------------

In order to determine the application range of the reference proteins under different conditions, western blotting was carried out for rice leaves inoculated with an incompatible bacterial blight strain ([Fig. 4A](#fig4){ref-type="fig"}) as well as for those that were harvested at different times during a single day ([Fig. 4B](#fig4){ref-type="fig"}); the results indicated that the HSP and eEF-1α proteins were expressed constantly. In addition, leaves of wheat, maize, cotton, and *A. thaliana* were analysed, showing that the expression level of the anti-HSP antibody-detected signal remained constant, while that of the eEF-1α antibody-detected signal varied dramatically ([Fig. 4C](#fig4){ref-type="fig"}). Furthermore, the expression of HSP at different developmental stages for five elite rice varieties (PA64s, Te-qing, Zhenshan 97B, Guang-Lu- Ai 4, and Ai-jiao-nan-te) was also investigated and protein expression was found to be stable (XW and GL, unpublished data). These results demonstrate that the identified reference proteins can be applied under a wide range of conditions.

![The application of HSP and eEF-1α as reference proteins. (A) Western blotting analysis using protein samples isolated from rice leaves inoculated with incompatible *Xoo* strains at the time points indicated. (B) Western blotting analysis using protein samples isolated from rice leaves at the intervals indicated, starting at 12 pm on a single day. (C) Western blotting analysis using protein samples isolated from wheat, maize, cotton, *Arabidopsis thaliana* (At), and rice leaves during the growing period. (This figure is available in colour at *JXB* online.)](jexboterr084f04_3c){#fig4}

Concentration of HSP and eEF-1α in rice
---------------------------------------

Western blotting was used to probe a series of fold dilutions of recombinant protein with the corresponding antibodies. The results indicated that the linear ranges of detection for recombinant HSP and eEF-1α were 0.41--8.2 ng and 1.5--24 ng, respectively. The lower limits of detection for the recombinant HSP and eEF-1α proteins were 0.41 ng and 0.15 ng, respectively (data not shown). A series of diluted recombinant proteins and total rice proteins were blotted in the linear ranges ([Fig. 5A, B](#fig5){ref-type="fig"}), and the standard curves were plotted ([Fig. 5C, D](#fig5){ref-type="fig"}). Based on the standard curves, the concentrations of HSP and eEF-1α reference proteins in rice were calculated, showing that 6 ng of HSP (0.12%) and 6 ng of eEF-1α (0.12%) proteins were in the total 5 μg of rice proteins. A series of fold dilutions of rice total protein were also analysed by western blotting and the lower limits of detection for the HSP and eEF-1α reference proteins in rice were 0.24 ng and 0.06 ng, respectively.

![Determination of the concentration of HSP and eEF-1α proteins in rice. (A) Western blotting detection of diluted recombinant HSP and total rice proteins. (B) Western blotting detection of diluted recombinant eEF-1α and total rice proteins. (C) Standard curve of recombinant HSP protein versus the western blotting signal. (D) Standard curve of recombinant eEF-1α protein versus the western blotting signal. (This figure is available in colour at *JXB* online.)](jexboterr084f05_3c){#fig5}

Transcriptional analysis of the rice reference gene
---------------------------------------------------

Both HSP and eEF-1α were identified as being constitutively expressed at the transcriptional level in a systematic analysis of the whole-genome microarray of rice ([@bib20]). In order to understand further the transcription of the reference proteins, 97 978 37 signature sequences of candidate genes in rice leaf, root, stem, young panicle, and mature panicle were downloaded from the MPSS database ([Supplementary Table S1](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/err084/-/DC2) available at *JXB* online). A total of 571 800 ESTs of rice leaf, root, stem, young panicle, and mature panicle were downloaded from the TIGR database, and the ESTs that correspond to target genes were chosen by BLAST. The results are listed in [Supplementary Table S2](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/err084/-/DC2). The qualitative comparison among the protein expression, MPSS, and EST data suggested a correlation among the three. The MPSS and EST data also indicate that the transcriptions of HSP and eEF-1α genes were constant to a certain extent; however, those of ACT and TUB were more variable ([Fig. 6](#fig6){ref-type="fig"}).

![Qualitative comparison of reference gene transcription and translation. YP, young panicle; MP, mature panicle. (A) Relative signal intensity detected by western blotting. (B) Relative signature sequence numbers detected by MPSS. (C) Relative EST number.](jexboterr084f06_ht){#fig6}

Discussion
==========

In analysing protein expression, the use of the correct reference proteins has a direct impact on the reliability of the results. Thus, the identification of reference proteins and the validation of their application range are quite important. In this study, a set of nine candidate proteins were selected and western blotting analysis was carried out in order to detect their expression in a set of 10 samples representing different rice tissues/organs at different developmental stages. GeNorm and Microcal Origin 6.0 software were used to analyse the expression stability of the tested proteins. The results indicate that HSP and eEF-1α are the most stable rice reference proteins.

GeNorm operates on the principle that the expression ratio of two ideal reference genes is identical in all samples. In other words, changes in the expression ratio of two candidate reference genes indicate a decline in the stability of one or both of the genes. The gene expression stability was ranked by M value, and the two genes with the lowest M value, and therefore the most stable expression, were selected for normalization. This algorithm has been widely used for the identification of reference genes. Microcal Origin 6.0 calculates the minimum, maximum, and median expression level of reference proteins and enables researchers to compare the expression stability visually by examining the extent of variation evident in the box plot. Although the ranks generated by the two approaches differ in this study, both HSP and eEF-1α were shown to be the most stable reference proteins. In addition, both HSP and eEF-1α provided a wide range of applications as they were expressed constantly in rice materials resistant to bacterial blight, taken at different times during a single day, taken from different plants, and taken from different rice varieties.

HSPs are highly conserved among different organisms, and play important roles in protein folding, assembly, transportation, and degradation. Based on their molecular weight, HSPs can be grouped into five families: HSP100, HSP90, HSP70, HSP60, and small HSP ([@bib39]). Because of their importance in eukaryotes, they are usually constitutively expressed and thus are used as internal controls. For example, a member of the HSP60 family has been used as a reference protein for liver tissues and hepatocellular carcinoma ([@bib43]). The HSP identified as a reference protein in this study has a predicted mol. wt of 94kDa and thus belongs to the HSP90 family. Members of the HSP90 family were reported to be involved in resistance gene-mediated innate immune responses in plants ([@bib17]; [@bib45]; [@bib28]). Most of the HSPs are highly expressed. HSP90α and HSP90β, two major members of this family, account for 1--2% of all cytosolic proteins ([@bib42]).

eEF-1α is a protein factor that plays an important role in activating the elongation of amino acid chains in ribosomes and in regulating protein synthesis. eEF-1α is highly expressed and widely present in eukaryotic cells; for example, it accounts for 5% of the total protein in wheat embryos ([@bib7]). eEF-1α is usually encoded by multiple genes to ensure its sufficient and reliable translation under stress conditions. For example, two copies of eEF-1α are in charge of translation in soybeans ([@bib2]), and four copies are found in both the *A. thaliana* ([@bib4]) and rice ([@bib23]) genomes. In this study, HSP and eEF-1α proteins were found to be highly expressed in rice, each accounting for 0.12% of total rice proteins.

The western blotting results showed that most of the commonly used housekeeping genes, such as ACT and TUB, displayed considerable expression variability at the translation level. In fact, ACT and TUB have also displayed unstable expression at the transcription level. For instance, a preliminary study showed that the expression of ACT and GAPDH varied up to 2-fold among different cultivars of rice ([@bib21]). Another study showed that UBQ5 and eEF-1α were the most reliable reference genes for normalization of real-time PCR data in rice, while ACT2 and β-TUB varied considerably in different rice tissues/organs ([@bib58]). Recently, 25 novel reference genes have been identified in a systematic analysis of the whole-genome microarray data for the various stages of vegetative and reproductive development in rice ([@bib20]). Among the identified novel reference genes, HSP, the best internal control gene in the present study, was ranked as the first candidate. The eEF-1α gene, ranked second (Os03g08010) and fifth (Os03g08050) in the list, have the same amino acid sequence as the gene used in the present study. In the same study, the authors also analysed the relative expression levels of some conventional housekeeping genes, such as ACT and TUB, that have the same locus number as the genes in the present study. All these genes exhibited highly variable expression patterns in various developmental stages, a result consistent with the findings of the present study. Another systematic analysis of the genome-wide dynamic transcriptome throughout the life cycle of rice plants also identified 19 novel internal control genes ([@bib50]). Among them, the UBQ (Os06g46770) ranked ninth has the same locus number as the gene used in the present study, and also had stable expression at the translation level. The qualitative comparison among protein expression, MPSS, and EST data also showed that HSP and eEF-1α were uniformly expressed during both translation and transcription, while ACT and TUB varied at these levels. These results provided further evidence for the existence of a correlation between transcription and translation.

Most of the antibodies generated in this study showed acceptable specificity and sensitivity. The lower limits of detection for HSP and eEF-1α in rice are ∼0.24ng and 0.06ng, respectively. In order to obtain more uniform antibodies with stable performance, the recombinant HSP protein was used to generate a monoclonal antibody. The results of the western blotting analysis demonstrated the consistency of monoclonal and polyclonal antibodies. The monoclonal HSP antibody routinely used in our laboratory showed stable performance (data not shown). In addition, the UBQ antibody can detect a ladder at higher molecular weight positions, and thus may be used to detect protein ubiquitination if the specificity can be validated.

Western blotting is widely performed to reveal the protein expression profile and the function of target proteins, a method that has been considered as an antibody-based proteomics (AbP) strategy ([@bib48]; [@bib47]). Compared with the conventional 2DE-MS-based strategy, AbP is easy to perform, more sensitive, and provides intuitive and quantitative results. By using this strategy, researchers can systematically investigate the target protein or protein families involved in a specific biological process. With the accumulation of rice protein-specific antibodies, the AbP strategy will be applied in more laboratories, contributing to a larger scope to the interpretation of the function of proteins and the mechanisms of biological processes.

Supplementary data
==================

[Supplementary data](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/err084/-/DC2) are available at *JXB* online.

[Table S1.](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/err084/-/DC2) Number of candidate gene signature sequences downloaded from the MPSS database.

[Table S2.](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/err084/-/DC2) Number of candidate gene ESTs downloaded from the EST database.
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